The operative treatment of thoracic disc herniation was initially performed via thoracic laminectomy in which the disc was excised. The first authors to report clinical data for this treatment were Mixter and Barr 19 in 1934. Their results and the results of other series reporting the use of a standard laminectomy approach were disappointing, yielding major morbidity rates of 18 to 75% and mortality rates up to 50%. 10, 11, 15, 16, 19, 21, 32 As a result, a number of alternative surgical approaches were developed, including the transpedicular, transfacet pedicle-sparing, costotransversectomy, lateral extracavitary, and transthoracic approaches. There are several published clinical studies in which one or more of these approaches was conducted (Table 1) . A more recently developed approach with promising applications, video-assisted thoracoscopic discectomy, is not presented in this review.
provides a summary of surgery-related complications reported in clinical series between 1934 and 1998. Of note is the high rate of neurological deterioration seen in the earlier studies in which a thoracic laminectomy was used. Of the three patients reported in the earliest paper published, two developed paraplegia, and one died seven months after surgery. 19 In 1936, Hawk 10 reported four patients who similarly underwent thoracic laminectomy for disc herniation: two patients became paralyzed and two died. In other series conducted prior to 1960 similar results were demonstrated, with rates of neurological deterioration ranging from 24 to 75%. 11, 15, 16, 21, 32 The results of more recent studies have confirmed this bleak prognosis. In 1986, Lesoin, et al., 14 reported 21 patients who underwent surgery for thoracic disc herniation. Of the three patients in whom a laminectomy was performed, two suffered postoperative neurological deterioration.
Several theories exist to explain the poor results associated with standard laminectomy approach. It is thought that the manipulation required for removal of the disc ventral to the spinal cord may produce mechanical injury and also potentially interfere with the spinal cord blood supply. There is also evidence that even minor kyphotic deformities produced by laminectomy can cause tethering of the spinal cord over incompletely removed disc or osteophyte and, in turn, lead to neurological deficit. of morbidity and mortality are very similar among the other thoracic approaches (Tables 3 and 4 ). The surgeryrelated complications of paresis and paralysis have become relatively rare since laminectomy has been essentially abandoned; in fact, only five cases of postoperative neurological deterioration have since then been reported: one after a transthoracic approach, 7 three after a costotransversectomy, 2, 29 and one after a lateral extracavitary approach. 30 Each of the different approaches has its own relative advantages and disadvantages. Whereas the transpedicular and transfacet pedicle-sparing approaches have the advantage of being much less extensive procedures, visibility of the midline of the spinal canal is very limited and removal of centrally located discs can be problematic. 6 Whereas dorsolateral approaches, such as costotransversectomy and the lateral extracavitary approach, provide greater levels of access and visibility of the thoracic disc disease and the spinal cord, their disadvantage is that they necessitate greater muscle and thoracic rib dissections, and the potential morbidity attendant on such approaches is greater. The transthoracic approach allows direct access to the disc disease and the ventral spine over several vertebral levels; however, the disadvantages include its extensive nature, particularly at the thoracolumbar junction where the diaphragm attaches, and the potential pulmonary and mediastinal complications.
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Misidentification of Surgical Level and Incomplete Disc Resection
Dickman, et al., 4 have reported 15 patients who harbored residual symptomatic thoracic discs after having undergone a prior thoracic discectomy via a dorsolateral, transthoracic, or thoracoscopic approach. In their analysis, they found that in five of the cases the level of disc disease had been misidentified at the initial surgery. Similarly, Bohlman and Zdeblick 2 reported one complication of misidentified disc level in a patient who had undergone costotransversectomy. Careful attention to counting spinal levels and ribs on pre-and perioperative radiographs, as well as identifying osteophytes and other landmarks, can avoid such complications. Additionally, intraoperative needle localization films and fluoroscopy can be used as an adjunct to confirm correct spinal level. If a ventral approach is used, rib heads can be counted internally to confirm location.
In eight of the 15 cases described by Dickman, et al., 4 inadequate visualization of the herniated disc material was the reason for reoperation. They attributed the need for reoperation to the fact that 86% of the discs were centrally located and calcified, whereas the majority of the original surgeries were performed via dorsolateral approaches. In their opinion, such approaches do not provide adequate visualization of the herniated disc and the ventral dural surface. They argued that centrally located, calcified discs require a direct, nonoblique line of sight that is provided by a ventral, transthoracic approach. 5 Several other authors have advocated this approach for central, calcified discs. [6] [7] [8] 31 Thus, most surgeons avoid transpedicular, costotransversectomy, or lateral extracavitary approaches to such lesions. An additional method to avoid complications related to incomplete disc excision is to remove the poste- 
Postoperative Instability
Symptomatic spinal instability was observed in a number of patients following surgery for thoracic disc herniation (Table 2) . Stillerman, et al., 30 described a patient who developed a stable compression fracture following a transthoracic approach that required 3 months of brace therapy. They also reported on an elderly patient with advanced osteoporosis who developed a compression fracture and a progressive kyphotic deformity following a transfacet pedicle-sparing surgery. They stated that an "aggressive" VB resection had been performed in this patient in the initial surgery.
Korovessis, et al., 12 have reported on two patients from a series of 12 who developed an increase in preexisting thoracolumbar kyphosis after undergoing transthoracic discectomy. Each patient required a posterior stabilization and fusion procedure. Similarly, Currier, et al., 3 have reported observing progressive kyphosis and nonunion in a woman following transthoracic discectomy and interbody fusion who had previously undergone a remote multilevel laminectomy. She, too, underwent subsequent surgery in which posterior fusion and fixation were performed.
Several of these complications occurred after a transthoracic approach. However, there is no evidence that removal of one or two ribs alters the biomechanical integrity of the spine-rib cage complex. 18 With the transthoracic approach, some resection of the vertebral endplate and VB is necessary for visualization and removal of the herniated thoracic disc. Although some authors favor routine interbody fusion following the transthoracic decompression, this is not typically necessary unless an unusually aggressive decompressive surgery is performed. 12, 20, 23 The transthoracic approach should disrupt only the middle column of the thoracic spine, following Denis' three-column theory. The intact anterior and posterior columns should thus stabilize the thoracic spine. 6 Interestingly, in the majority of reported patients in whom postoperative spinal instability developed some underlying disease (osteoporosis or preexisting kyphosis) existed or they had undergone some prior procedure, such as laminectomy, that would predispose them to spinal instability. This is not surprising, given the anatomical and biomechanical qualities of the intact thoracic spine. The middle thoracic region (T 5 -T 9 ), in which 76% of thoracic disc herniations were shown to have occurred in a recent large series, 30 has the additional stabilizing influences of the rib cage, which helps limit flexion, extension, and ro-
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Complication avoidance in thoracic disc disease 3 tation of the thoracic spine. Additionally, the coronal orientation of the facet joints in this region provides resistance to anterior translation forces that can contribute to progressive kyphosis, compression fractures, and spinal instability. 18 The majority of complications relating to instability were demonstrated in patients with conditions that made them susceptible to adverse biomechanical forces. To avoid these complications, preoperative evaluation of the overall integrity of the anterior, middle, and posterior columns of Denis must focus on degenerative changes in the VBs and facet complexes and the presence of spondylolisthesis or kyphosis. 
Cerebrospinal Fluid Leak
The incidence of CSF leakage has been reported to range from 0 to 15% in published series. There are two courses of a CSF leak during thoracic disc surgery: iatrogenic or intradural disc herniation. Management of CSF leaks is well known and typically involves some combination of primary or graft closure, fibrin glue application, and lumbar drain placement. Intradural thoracic disc herniations have been reported in up to 12% of cases, 6 the overwhelming majority of which are densely calcified. For this reason, many authors recommend obtaining computerized tomography and computerized tomography myelography studies as an adjunct to MR imaging for identifying the presence of calcification within the disc herniation and the possibility of intradural disc herniation. 6, 13, 30 Stillerman, et al., 30 have reported 82 symptomatic thoracic disc herniations and found that 7% had intradural extension at the time of surgery. Most were densely calcified. They found that when the calcified portion was adjacent to the herniated disc, the incidence of dural adherence was greater and, thus, recommended a transthoracic approach to such discs. 31 Dickman, et al., 4 have reported three patients with intradural discs who underwent a transthoracic approach in which direct suturing of the dural rent was performed and, subsequently, a lumbar drain was placed. Whereas some authors have advocated a lateral extracavitary approach for intradural discs because of the ability to avoid CSFpleural fistulas, Dickman, et al., 4, 6 have recommended an open transthoracic approach because it allows for ventral dural exposure and direct suturing. It is their practice to continue lumbar drainage several days after the chest tube is removed and avoid negative chest-tube pressure to prevent CSF-pleural fistulas.
Pulmonary Complications
Pneumonia and atelectasis were reported as complications in several series but were not associated with any particular approach. 6, 12, 17, 30 Likewise pulmonary embolism, which was rarely reported, was not associated with a particular approach. 3, 28, 32 Three cases of pleural effusions were reported, one of which was a CSF-pleural fistula that developed following a transthoracic discectomy and required reexploration, dural closure, and application of fibrin glue. 7, 28 Pleural tears are not a true complication, because 100% of transthoracic discectomies involve pleural disruption and chest tube placement. However, unintentional pleural tears have been reported in cases in which more extensive dorsolateral approaches are undertaken. Maiman, et al., 17 reported a 13% incidence of unintentional pleural tears that occurred during the lateral extracavitary approach. In such cases, Dietze and Fessler 6 have recommended filling the operative field with saline prior to wound closure, as the presence of air bubbles would indicate a pleural rent. If present, a pediatric chest tube is then placed and brought out dorsolaterally behind the musculocutaneous flap.
Surgery-Related Infection
Infection rates range from 0 to 18% of reported series (Table 2) . Stillerman, et al., 30 have reported a 3.7% rate of superficial wound infections in a series of patients in whom a variety of surgical approaches were undertaken. In a series of 23 cases treated via a lateral extracavitary approach, Maiman, et al., 17 reported two superficial wound infections and one case of urosepsis. Similarly, Ridenour, et al., 27 reported a 12% rate of superficial wound infections in their series of patients who underwent surgery via posterior or posterolateral approaches. Sekhar and Janetta 28 described two cases of superficial wound infections, one that occurred after a laminectomy and the other after a transthoracic approach. Benjamin 1 reported one wound infection in 27 patients who underwent surgery via transthoracic approaches. Singounas, et al., 29 described one case of discitis that led to VB collapse. Overall, the infection rates among the variety of approaches appear to be comparable.
Under-and Misdiagnosis
In autopsy studies the incidence of thoracic disc herniation ranges from 7 to 15%. 6 Clinically, however, symptomatic thoracic disc herniations make up less than 1% of W. E. McCormick, S. F. Will, and E. C. Benzel * Data for pneumonia, CSF leak, and infection not included because approach in which complication occurred was not specified in some series.
spinal disc herniations and are thought to occur in 1 per 1,000,000 patients per year (range 1/1000 -1/1,000,000). 6 The overwhelming majority of thoracic disc herniations are thus asymptomatic. The most popular neuroimaging modality for the assessment of the thoracic spine, MR imaging, has a high sensitivity for detecting thoracic disc herniation. In one study the authors 33 assessed MR imaging of the thoracic spine and found a 14.5% prevalence of incidentally discovered thoracic disc herniation. Given the broad differential diagnosis for the often variable clinical presentations of symptomatic thoracic discs, the relatively high rate of false positives makes definitive diagnosis problematic.
A number of instances of misdiagnosis were found in the literature. Oppenheim, et al., 22 reported a patient who failed to improve after undergoing costotransversectomy for MR imaging-diagnosed T 3 -T 4 disc disease; subsequently a myelography study revealed a spinal arteriovenous malformation three levels below the herniated disc. Currier, et al., 3 reported on two patients who underwent a transthoracic discectomy and fusion and in whom a diagnosis of multiple sclerosis was later made. Similarly, Korovessis, et al., 12 reported on one patient who failed to improve postoperatively and was found to have multiple sclerosis.
A detailed history and physical examination, as well as adjunctive tests such as cranial MR imaging, somatosensory evoked potential monitoring, CSF studies, and angiography, should lessen the risk of such complications.
Intercostal Neuralgia
Intercostal neuralgia or anesthesia dolorosa is not uncommon following surgical approaches in which rib resection is performed. Two (17%) of 12 patients in one series suffered persistent thoracotomy-site pain after transthoracic discectomy. 12 Currier, et al., 3 reported a 21% rate of post-thoracotomy pain in their series of patients treated by the transthoracic approach. In two series in which the lateral extracavitary approach was used, the authors reported one case each of intercostal neuralgia. 6, 17 One of those patients required reoperation to resect the dorsal root ganglion. Dietz and Fessler 6 have advocated a "mini"-lateral extracavitary approach to preserve the neurovascular supply and minimize intercostal nerve retraction and injury.
Other Complications
Controversy exists as to whether ligation of a unilateral segmental radicular artery will result in spinal cord ischemia. There are no reported cases of great segmental medullary artery disruption or spinal cord infarction in the various series. Some authors 30 recommend performing spinal angiography prior to undertaking dorsolateral approaches in the region of T8-L1 because of the increased incidence of occurrence of the great segmental medullary artery in this area. This may be prudent if the contents of the neuroforamina are disrupted. This includes a radiculomedullary artery, if present. The lateral extracavitary approach, but usually not the transthoracic approach, predisposes to such injury and the chance of spinal cord infarction.
Other rare complications have included postoperative cerebral infarction, incisional hernia after a transthoracic approach, as well as a lateral femoral cutaneous nerve injury related to operative positioning during surgery. 3, 7, 20 Ghanayem and Bohlman 9 reported two patients who experienced transient paraplegia secondary to intercostal nerve blockade after undergoing thoracotomy for thoracic discectomy, and they therefore discourage intercostal nerve blocks for postoperative pain following such procedures.
DISCUSSION
The overall rates of morbidity and mortality associated with the different thoracic surgical approaches are shown in Tables 3 and 4 . Fessler and Sturgill 8 have discussed the inherent difficulties in reviews such as this that include data from several surgeons using a variety of approaches. If one considers the total number of patients who have undergone thoracic discectomy, only a small percentage of those are reported in these series. Another problem is that the number of complications reported varies greatly among the different series, particularly with regard to the earlier studies in which only serious morbidity such as paresis and paralysis was reported and in which minor complications were not even reported.
Despite such limitations, a number of important observations are apparent. First, because of the associated high rates of morbidity and mortality, standard laminectomy alone is not an acceptable approach for the treatment of thoracic disc disease. There has been only one reported death resulting from a nonlaminectomy procedure. We found a 35% rate of postoperative neurological deterioration in patients treated via a laminectomy (Table 3) . Second, neurological deterioration is rarely associated with the alternative surgical approaches, and its incidence is comparable among the approaches. Third, when one examines the different deficits other than neurological deterioration (Table 4) , no single complication appears to be definitively associated with any single approach. In reviewing these data, one may surmise that the transpedicular and transfacet pedicle-sparing approaches are associated with fewer potential complications. However, the relative lack of reported complications associated with these procedures is most likely related to the approach selected by the surgeon, which is based on the location and consistency of the herniated thoracic disc. Most surgeons, for example, advocate a ventral approach to central, calcified disc herniations, because it provides a direct, nonoblique line of sight to the lesion and minimizes spinal cord manipulation. [6] [7] [8] 31 Another important observation is that in several cases postoperative spinal instability was related to preoperative conditions, such as osteoporosis or preexisting kyphosis, that predisposed them to an adverse outcome and was therefore not a procedure-related complication. Finally, certain forms of morbidity, such as infection, pneumonia, pulmonary embolism, and CSF leak, are common to all procedures and can not be avoided. However, the complications related to misdiagnosis and misidentification of surgical level appear to be quite preventable.
Each approach has its own advantages and disadvantages. Decision making regarding approach should be based on several factors: the patient's general health; the surgeon's skill and experience with the particular approach; specific aspects of the disease, such as disc size, relative location (lateral or central), and consistency (soft or calcified); and finally, a thorough consideration of each patient's particular spinal biomechanical condition. 12 
